Impulsivity associated with abnormal dopamine (DA) function has been observed in several disorders, including addiction. Choice impulsivity is the preference for small, immediate rewards over larger rewards after a delay, caused by excessive discounting of future rewards. Addicts have abnormally high discount rates and prefer the smaller rewards sooner. While impulsivity has been inversely correlated with DA D2 receptor (D2R) availability in the midbrain and striatum, it is difficult to mechanistically link the two, due to the diverse neuroanatomical localization of D2Rs, which are found throughout the brain, in many types of neurons and neuronal subcompartments. To determine if ventral tegmental area (VTA) D2R hypofunction is linked to impulsivity, we knocked down D2 receptors from the VTA, using an adeno-associated viral (AAV) vector that delivers short hairpin RNAs (shRNA) targeted against the D2R. The D2R knockdown is restricted to neurons whose cell bodies reside in the VTA, leaving postsynaptic D2Rs intact in the striatum, prefrontal cortex, and other mesocorticolimbic structures. Rats were trained in a delay-discounting task to assess impulsive choice until a stable discounting curve was obtained, and then received bilateral VTA infusions of the D2R shRNA or a scrambled control virus. Over the next six weeks, the discounting curve of the VTA D2R knockdown rats shifted to the left, indicating a preference for the smaller, immediate reward, whereas the curve for control rats remained stable and unchanged. Together these results demonstrate that a decrease in VTA D2Rs enhances choice impulsivity.
A B S T R A C T
Impulsivity associated with abnormal dopamine (DA) function has been observed in several disorders, including addiction. Choice impulsivity is the preference for small, immediate rewards over larger rewards after a delay, caused by excessive discounting of future rewards. Addicts have abnormally high discount rates and prefer the smaller rewards sooner. While impulsivity has been inversely correlated with DA D2 receptor (D2R) availability in the midbrain and striatum, it is difficult to mechanistically link the two, due to the diverse neuroanatomical localization of D2Rs, which are found throughout the brain, in many types of neurons and neuronal subcompartments. To determine if ventral tegmental area (VTA) D2R hypofunction is linked to impulsivity, we knocked down D2 receptors from the VTA, using an adeno-associated viral (AAV) vector that delivers short hairpin RNAs (shRNA) targeted against the D2R. The D2R knockdown is restricted to neurons whose cell bodies reside in the VTA, leaving postsynaptic D2Rs intact in the striatum, prefrontal cortex, and other mesocorticolimbic structures. Rats were trained in a delay-discounting task to assess impulsive choice until a stable discounting curve was obtained, and then received bilateral VTA infusions of the D2R shRNA or a scrambled control virus. Over the next six weeks, the discounting curve of the VTA D2R knockdown rats shifted to the left, indicating a preference for the smaller, immediate reward, whereas the curve for control rats remained stable and unchanged. Together these results demonstrate that a decrease in VTA D2Rs enhances choice impulsivity.
Introduction
Dopamine (DA) release from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) is critical for calculating the value of rewards and determining the appropriate response for obtaining them [1] . For example, DA plays a role in delay-discounting, in which increasing the interval between the onset of work (e.g. lever press) and onset of reward delivery results in decreasing value of the reward, which decays in a hyperbolic fashion as the interval increases [2] . When DA transmission is disrupted, preference shifts towards smaller, more immediate rewards and away from larger rewards with longer delays. Conversely, increasing DA via amphetamine leads to increased willingness of the subjects to wait for larger rewards [3] . The selection of smaller immediate rewards represents an operational measure for choice impulsivity, while the preference for delayed, but more profitable reinforcers indicates self-control [4] . Mesolimbic dopamine mediates many aspects of choice calculations, including the reinforcing value of the reward, and the ability to attend to the task over time. Several studies also implicate dopamine in impulsivity (see [5] for review). Imaging studies in rats and humans suggest that impulsive subjects have less DA D2 receptor (D2R) binding sites and decreased DA release in the striatum [6] [7] [8] . Further, the decline in reinforcing strength of a reward in delay discounting is exaggerated in impulsive subjects (i.e. the delay-discounting curve shifts to the left, [9] ). Drug and alcohol abusers, who score consistently higher in impulsivity tests, also have decreased D2R binding in the striatum [1] . In particular, these individuals reliably prefer smaller, immediate rewards over larger delayed rewards [10] . While it is clear that D2R expression is correlated with states of impulsivity, it is not known if low D2R levels predispose the subject to impulsivity or is simply a compensatory change resulting T from other alterations in impulsive subjects.
D2Rs are located both pre-and postsynaptically, and these receptor subpopulations have entirely different functions. The presynaptic and dendrodendritic D2Rs on DA neurons act as autoreceptors, in which their activation inhibits adenylyl cyclase activity, thus limiting DA synthesis and release [11, 12] . Thus, while a D2R antagonist will block postsynaptic D2R sites, its activity at presynaptic D2Rs will increase DA neurotransmission at postsynaptic DA receptors, primarily D1 and D2 [13, 14] . However, since the D2 autoreceptor is found in much lower amounts on DA terminals relative to the postsynaptic D2R in the striatum, the previously mentioned imaging studies likely do not reflect changes in D2 autoreceptors [6] , and thus it is unknown to what extent these may also contribute to impulsive choice behaviors.
Recently, we have developed a viral approach to manipulate D2R subpopulations in adult wild type rats, using RNA interference to knockdown the D2Rs. Adeno-associated virus serotype 10 (AAV10) infects the neuronal cell bodies at the injection site [15, 16] . Thus, when injected directly into the striatum they induce a knockdown in the postsynaptic D2R, which is found primarily on indirect medium spiny neurons [17] . However, when injected into the midbrain, these viruses will knock down the receptor from neurons whose cell bodies reside in this region, predominantly from DA neurons, including the D2 autoreceptors on the DA terminals projecting to a variety of regions including the NAc [18] . We have previously characterized the phenotype of substantia nigra D2 autoreceptor knockdown rats, and found they demonstrated behaviors consistent with hyperdopaminergia, altered responses to psychostimulants and decreases in DA reuptake [18] . In the present study, we have sought to determine the role of VTA D2Rs in regulating impulsivity in rats trained in a delay-discounting task.
Materials and methods

Subjects
A cohort of sixteen male (n = 16) Sprague-Dawley (Harlan, Indianapolis, IN) rats were housed individually on a 12/12-h light/dark cycle (experiments conducted during the light period) with free access to water in the home cage. A food restriction protocol (10 g/day) was employed to facilitate lever press training. Thereafter, subjects' body weights increased during the course of experimentation commensurate with age from start to completion of the experiment. A separate cohort of rats (n = 5) underwent surgery, their brains were removed 2-4 weeks after viral infusion, and VTA punches were collected and processed for quantitative PCR to determine the extent of D2R knockdown. All animals were maintained and experiments were conducted in accordance with the Institutional Animal Care and Use Committee, University at Buffalo, the State University of New York, and with the 2011 Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, National Research Council, National Academy of Sciences).
Viruses
All viruses have been previously described [18] . Briefly, a mixture of D2 short hairpin (shRNA) viruses are co-infused into the VTA (ML: ± 1.1, AP: −4.7, DV: −8.5, in mm from bregma), with each shRNA targeting a different location on the D2 mRNA. The control virus consisted of a scrambled (SCR) shRNA that does not pair with any known RNA sequence in the rat genome. Viruses were prepared as previously described [18, 19] by triple transfection of AAV2/10 rep/ cap, pHelper and shRNA plasmids, which provide the capsid, helper virus and vector genomes, respectively [20] . The AAV plasmid contains two inverted terminal repeats (ITRs) flanking a transgene consisting of the cytomegalovirus (CMV) promoter driving expression of enhanced green fluorescent protein (EGFP), and a combined intron/polyA sequence derived from SV40. This is followed by the mouse U6 promoter which drives expression of an shRNA specific to either the rat D2R mRNA or a non-specific scrambled shRNA sequence. The shRNA sequence consists of a sense, a loop containing an XhoI site, the antisense segment, followed by a TTTTTT terminator sequence. All sequences were screened to ensure lack of homology with other RNA sequences in the rat.
Quantitative real-time PCR
A cohort of rats was unilaterally infused with 1.0 μl of shD2R virus (n = 5) into the VTA. The rats were sacrificed between 2-4 weeks postinfusion and 2 mm coronal brain punches were taken from both the ipsi-and contra-lateral sides. Total RNA was isolated using an RNeasy Micro Kit (Qiagen, Hilden, Germany). Total RNA (500 ng) was reverse transcribed into cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) and real-time qPCR using a Bio-Rad Miniopticon Real-Time PCR system (Bio-rad, Hercules, CA). cDNAs were analyzed with sybr assays for: rat Enolase 2 (ENO2), rat D2 dopamine receptor (DRD2), rat beta-actin (BACT) and EGFP. The following primer sets were used. ENO2: ACGTCTGGCGAAGTACAACC (forward), GTCGGGACAGCAAGAAAGAG (reverse), BACT: CATCCTGC GTCTGGACCTGG (forward), TAATGTCACGCACGATTTCC (reverse). DRD2 was quantified using the Bio-Rad PrimePCR™ Sybr® Assay (qRnoCID0001883). The stably expressing housekeeping gene betaactin was used as a reference and relative quantification of gene expression levels was assessed using the comparative CT method (2−ΔΔCT method) between the gene of interest and Eno2 [21] . The GFP copy number was generated by running a standard curve with linearized CMV-EGFP-pACP plasmid and calculating a total copy number per 1 μl of cDNA. Data were analyzed by student's t-test and p < .05 were considered significant.
Apparatus
Experimental sessions were conducted in commercially available chambers within sound-attenuating, ventilated enclosures (Coulbourn Instruments Inc., Allentown, PA, USA) as described previously [22] . Each chamber contained a working area of 30.5 cm by 24.5 cm by 21.0 cm, a grid floor, and a 45-mg pellet dispenser with a pellet receptacle that was centered between response levers, above which were stimulus lights. A 28 V houselight was mounted on the rear aluminum wall of the chamber. Chambers were connected to a computer running Graphic State 3.03 software and an interface (Coulbourn Instruments Inc.) to control experimental events and record data.
Procedure
Initially rats were trained to press on either of two levers for delivery of food pellets (45-mg dustless precision pellets; BioServ Inc., Frenchtown, New Jersey, USA) under a fixed ratio (FR) 1 schedule. Training continued over 35 sessions until stable responding levels were achieved. The delay-discounting task used in the current study was similar to the procedure described by Evenden and Ryan [23] with minor modifications [22] . Sessions consisted of five 12-minute blocks. Each block began with 2 forced trials followed by 10 choice trials. The onset of the houselight signaled the beginning of each trial. During a forced trial a light over one of the levers was illuminated and a response on that lever delivered the reinforcer (one food pellet immediately or three food pellets either immediately or after a delay) that was associated with that lever during subsequent choice trials in that block. During choice trials lights were illuminated over both levers and response on either lever produced a reinforcer. After food pellet presentation signaled by a brief food receptacle light flash (0.1 s), the receptacle and stimulus lights would extinguish until the start of the next trial.
For all rats, responses on the left lever resulted in a brief receptacle light flash (0.1 s) followed by the delivery of one food pellet. Following the delivery of the food pellet was a timeout period that lasted for a variable period (equal to 60 s minus the delay), so the period of time between the end of one response period and the beginning of the subsequent response period was always the same. During the timeout period, all lights were off and responding had no programmed consequence. Each response period lasted for a maximum of 10 s (limited hold); if a response on the active lever did not occur during that time, the stimulus light(s) were extinguished, and a 60-s timeout period was initiated. Sessions were conducted daily at approximately the same time and lasted 60 min. The block of trials began with an increased delay to the three-food-pellet alternative which increased across the five blocks of twelve trials (i.e., 0, 5, 10, 20, 40 s). Stable responding was defined as obtaining at least 80% choice for the larger reinforcer during the 0-s delay block and no increasing or decreasing trends in delay-discounting functions via consecutive 4 days visual inspection. Sessions without any delay in all 5 blocks were conducted every 5-7 sessions to confirm that switching the choices within the sessions was due to delay and not to others factors. No-delay sessions, with both reinforcers available immediately after a response, occurred daily until responding for the larger reinforcer in the last block of the session (previously associated with the longest delay) was greater than 80%. However, in most cases animals adapted to the no-delay contingency within one session (these data were not shown). Delays were reintroduced in the next session. Training in the delay-discounting task continued for six weeks.
Surgery
Subjects were matched for baseline performance within 4 consecutive days, divided into two groups randomly, and anesthetized with ketamine hydrochloride (80 mg/kg, i.p.) and xylazine hydrochloride (10mg/kg, i.p.). Rats were fitted into a digital stereotaxic apparatus (Stoelting Co., Wood Dale, IL), the scalp was shaved, cleaned and an incision made along the center. Two holes were marked and drilled above the VTA using the following coordinates: AP: −4.7, ML: ± 1.1, DV: −8.5 (mm from bregma). The coordinates were determined using the stereotaxic atlas of Paxinos & Watson [24] . A 10 μl Hamilton syringe was used to deliver 0.5 μl of viral vector or control virus at a flow rate of 0.25 μl/min with a 5-min waiting period after the completion of each injection to allow for maximal diffusion of the virus from the tip of the syringe. The syringe was slowly retracted and the incision was then closed with Webcryl 3.0 dissolvable sutures. Rats were relocated to a tub-style cage placed on top of a heating pad for recovery. Rats were administered ketoprofen (5 mg/kg, s.c.) immediately following surgery, as well as 24-and 48-h post-surgery.
Experimental design
After acquisition training on the delay-discounting task, rats (n = 16) were randomly selected to infuse either shD2R or a scrambled (shSCR) control virus into the VTA. Subjects were allowed four days to recuperate after surgery, before re-entering the delay-discounting task. The delay-discounting task was conducted daily for the following six weeks. Data from the same day of the week were analyzed and compared to baseline data. At the end of the behavioral study all rats were transcardially perfused with 10% formalin, the brains collected, sectioned and immunofluorescence for EGFP was performed as previously described [18, 25] . One rat from each group was removed due to misplaced viral infusions.
Data analysis
All data were collected and analyzed using Graphpad Prism 6.0. The % responding for the larger reinforcer was determined and the subsequent area under the curve (AUC) was calculated for each animal. Baseline and six week post-infusion data were analyzed by repeated measures two-way ANOVA, with the time delay and virus as factors, and baseline/week 6 and time delay as repeated factors. Significant effects were probed using Dunnett's post-hoc tests to determine if any difference existed between this control session (baseline data from rats prior to shSCR viral infusions) and data generated from shSCR treated rats six weeks later as well as both baseline and six week shD2R data. The AUC data were analyzed by repeated measures two-way ANOVA, with weeks post-infusion and virus as factors. Previous studies indicate that the shD2R knockdown virus may take several weeks to take effect, therefore we conducted planned comparisons at 4, 5, and 6 weeks postviral infusions, consisting of two-tailed t-tests between the shSCR and shD2R virus groups.
Results
Site specific depletion of D2R from VTA neurons
AAV10 transduces primarily the neuronal cell bodies at the site of the injection (Cearley and Wolfe), thus by injecting into the VTA the shRNA will be restricted to neurons in this region, including DA neurons containing D2 autoreceptors in dendrodendritic and terminal compartments. In previous studies, we demonstrated that infusion of the D2R shRNA viruses infused into the dorsal striatum (DS) significantly decreases both D2R mRNA and protein levels in the DS [17] while infusing the virus into the substantia nigra (SN) resulted in a ∼90% decrease in DRD2 mRNA in the SN with no alteration in postsynaptic D2R in the DS [18] . Using these same viruses, we infused the VTA and observed GFP+ neurons throughout the VTA (Fig. 1a and b ). We also demonstrate that D2R mRNA levels are likewise significantly decreased after D2R shRNA-AAV infusions into the VTA (Fig. 1c) . Realtime qPCR analysis revealed an ∼65% decrease in DRD2 levels compared to the contralateral side. The mean relative expression of DRD2 was 0.994 ± 0.09 SEM relative units for the contralateral control side, and 0.369 ± 0.10 relative units on the virus infused side (student's two tailed t-test, p < 0.001). There was an ∼45 fold increase in GFP mRNA copy number on the virus infused side (mean of 42.6 ± 10.8 relative copy number) compared to the non-infused side (mean of 1 ± 0.38, p < 0.05).
Effect of VTA D2R knockdown on delay-discounting behaviors
Delay discounting was measured as % responding for the larger reinforcer. In Fig. 2a , baseline data from two groups of rats on the day prior to surgery is represented, along with the % responding curve from six weeks post-viral infusion with either shD2R or shSCR control viruses. These data demonstrate remarkably stable responding between baseline and six weeks after shSCR control viral infusion. However, in rats treated with the shD2R virus in the VTA, we observed a progressive shift in the delay-discounting curves, indicating an increased preference for the smaller reward without delay, over time. For rats designated to receive shSCR viral infusions, prior to surgery the overall mean % responding on the larger lever for the entire 1 h session ± SEM, was 72.20 ± 8.58, while the shD2R group was 67.34 ± 12.54 (both n = 7). Six weeks after surgery, the shSCR treated rats were still responding at this level, demonstrating an overall mean % responding on the larger lever of 71.32 ± 11.41. However, at this time the % responding had fallen considerably in the shD2R treated rats, resulting in a mean of 49.4 ± 16.42%. A two-way ANOVA was conducted on the influence of virus conditions (shSCR or shD2R baselines and 6 weeks) and delay on % responding for the larger lever. All effects were statistically significant with α < 0.05. The main effect for virus yielded an F ratio of F(3, 18) = 3.884, p = 0.0265, while the main effect of delay was F(4,24) = 57.98, p < 0.0001. The interaction was significant, F(12, 72) = 2.725, p = 0.0043. A Dunnett's post-hoc analysis was conducted in which each virus group/time was compared to the shSCR baseline data (i.e. pre-viral infusion). Neither the shD2R group baseline results nor the six-week post-shSCR infusion differed from this shSCR baseline control group. However, six weeks after infusion of the shD2R virus into the VTA there was a significant decrease in % responding on the larger lever with the addition of a 5, 10, 20 and 40 s delay, indicating a shift in preference to the lever delivering a smaller reward without delay.
The AUC from each individual rat's delay-discounting curve was quantified and the weekly data analyzed (Fig.2b) to determine the onset of the shift in responding. The mean AUC for the control shSCR group remained extremely consistent throughout the experiment resulting in a mean AUC ± SEM of 0.65 ± 0.07 at baseline and 0.62 ± 0.07, 0.65 ± 0.07, 0.62 ± 0.05, 0.60 ± 0.07, 0.67 ± 0.09, and 0.62 ± 0.06 at weeks one through six, respectively. However, for the shD2R virus treated rats, the AUC decreased from a baseline of 0.571 ± 0.07 to 0.461 ± 0.08, 0.647 ± 0.08, 0.460 ± 0.062, 0.407 ± 0.07, 0.347 ± 0.08 and 0.343 ± 0.05 for weeks one through six post-virus infusion, respectively. Overall, there was a significant effect of virus, F(1, 2) = 5.800, p = 0.033, but the effect of week did not achieve significance, F(6, 72) = 1.942, p = 0.0855. There was also no significant interaction, F(6, 72) = 1.750, p = 0.1218. Planned comparisons using the Dunnet's post-hoc tests revealed that the mean shD2R were significantly lower than SCR controls at week 4, 5 and 6 post-viral infusion into the VTA.
Discussion
Low D2R expression in the striatum has been linked to higher levels of impulsivity in humans [26, 27] and potentially increased risk of drug abuse (review [28] ). Further, D2 autoreceptors in the midbrain have been linked with higher trait impulsivity [29] and increased steepness in delay-discounting curves [30, 31] . However, these studies have largely been retrospective and have not defined whether down-regulation of striatal D2Rs is predisposing or causative of an impulsive phenotype, or if impulsive behaviors and/or repeated drug use lead to compensatory striatal D2R down-regulation. Further, the aforementioned imaging studies that support this hypothesis cannot readily distinguish D2R subpopulations, particularly given the relatively low levels of presynaptic D2Rs compared to the more abundant postsynaptic D2R population on medium spiny neurons. Yet D2 autoreceptors are highly involved in regulating DA release and reuptake in the striatum. Evidence for genetic influence on impulsive behaviors has been shown in healthy volunteers where polymorphisms in the D2R gene were 2 . Effects of VTA shD2R knockdown on delay discounting. Rats were trained in the task, baseline data collected, and then infused with virus. The mean delay-discounting curve for both groups at baseline and six weeks after shD2R or shSCR control viral infusion (a). The mean area under the curve (AUC) ± SEM from each group every week from the entire study (b). Asterisks designate significance at *p < .05, **p < .01, and ****p < .0001. associated with self-report measures of impulsivity [32] . Our results clearly demonstrate that viral knockdown of D2Rs from the VTA results in a substantial shift in the delay-discounting performance of the rats with time.
The delay-discounting task specifically measures an animal's choice impulsivity, and the extent to which it is able to withstand a delay in order to make an advantageous response. The role of D2Rs in delay discounting, particularly in animal models, has been unclear, with some studies demonstrating an inverse relationship between the steepness of discounting curves and striatal D2R levels [30] , while D2R antagonists either had no effect or shifted the discounting curve to the left (suggesting increased impulsivity, [5] ). Our results clearly demonstrate that viral knockdown of D2Rs from the VTA results in a substantial shift in the delay-discounting performance of the rats with time. The shSCR infused control rats exhibited a remarkably stable delay-discounting curve over the length of the study (greater than two months). However, rats infused with shD2R virus in the VTA exhibited a leftward shift in the delay-discounting curve, characterized by an overall preference for the smaller reward with shorter delay indicating reduced waiting capacity, and thus impulsive choice. This shift in preference was progressive and developed over time, with the AUC decreasing within one week of viral infusion, and achieving significance within four weeks.
While several pharmacological studies have sought to determine if D2R agonists or antagonists alter impulsivity, even when the ligands are microinfused into the striatum they bind to both pre-and postsynaptic D2R populations. Likewise, global D2R knockouts lack both pre-and postsynaptic D2R, while conditional knockouts (e.g. DAT-Cre x floxed-D2R knockouts) lack D2 autoreceptors from both the VTA and substantia nigra. Therefore, many of these genetic approaches are likely to have developmental compensatory adaptations from the lack of D2R early in life. A primary benefit of a viral manipulation is the ability to restrict the knockdown to the VTA, while sparing nigral D2R, as well as postsynaptic D2R in projection regions, such as the PFC and NAc. Further, the viruses can be infused into adult animals which overcomes developmental compensation commonly seen in transgenic mice.
The improved spatial and temporal resolution of viral manipulation may provide important evidence to understand the underlying roles of the VTA D2R subpopulations in impulsivity. Recently we showed that viral knockdown of the D2R from the SN of rats resulted in profound neurochemical alterations within two weeks of virus infusion, including changes in DA release and reuptake, primarily a decrease in DA per pulse and Vmax of the DA transporter (DAT) in the dorsal striatum. Further, the rats displayed an increase in locomotor activity consistent with a hyperdopaminergic state. While this increase in activity was apparent within two weeks post-SN infusion, it did not reach significance until four weeks post-infusion [18] . Likewise, in our current study we did not see a significant alteration in the discounting curve until four weeks post-infusion. Together, these data indicate that many of the behavioral alterations observed are not a direct result of the acute effects of midbrain D2R genetic depletion on neurochemistry, but rather require a continued exposure and possibly adaptations to the altered neurochemistry. Since shD2R virus infused into the VTA leads to a comparable decrease in D2R mRNA as in our previous SN study [18] and DAT and D2 autoreceptors co-localize in mesostriatal presynaptic terminals [33] , it is likely that VTA shD2DR will also alter regulation of DA neurotransmission in the mesostriatal pathway, resulting in increased DA levels in the NAc. Accumulating evidence indicates that impulsive behavior involves abnormal DA transmission and is not only top-down controlled by cortical areas, but also modulated at subcortical level [34] . Increased DA levels in the medial prefrontal cortex have been associated with rats' performance in a delay-discounting task [35] . However, it is difficult to speculate how D2R knockdown from the VTA may change mesocortical DA signaling in the PFC, and contribute to the delay-discounting phenotype, as cortical regions have less DAT expression [36, 37] .
Future studies should be conducted to determine how shD2R knockdown in the VTA and potential neurochemical alterations in DA dynamics impact postsynaptic systems. Indeed, VTA DA neurons project widely throughout the brain and current genetic and viral techniques have not defined the role of specific projections to these behaviors. It should be noted that within both the SN and VTA, D2Rs are also found on resident GABA neurons, although relatively higher amounts are found on DA neurons, with some estimates of ∼1000:1 mRNA levels between DA and GABA neurons [38] . The viruses used in this study transduce both DA and GABA neurons, and thus D2Rs will be knocked down in both populations. Activation of VTA-GABA D2Rs by DA enhances the neuronal firing rates of these GABA neurons. Approximately 80% of VTA-GABA neurons are thought to be inhibitory interneurons. Therefore, when DA is introduced into the VTA there will likely be a primary effect of decreasing DA activity by activating inhibitory D2Rs on the DA neurons, and indirect inhibition by activating excitatory D2Rs on GABA neurons, which will inhibit the DA neurons further. Conversely, D2R knockdown in both populations should block the overall effect DA on VTA DA neurons, specifically by a primary decrease in autoreceptor inhibition by knocking down the D2 autoreceptor, and additionally decreased GABA activation by DA. Further studies, using subtype-specific viruses would be useful to understanding the proportional contribution of each mechanism. Midbrain DA function is critical in many other systems including maintenance of working memory, the regulation of emotion, executive function and cognitive control [39] . Disruptions in VTA DA projections impair spatial working memory [40] and contribute to the manifestation of depressive-like behavior in rats [41] . Further, the D2R pathway connecting the VTA and the basolateral amygdala modulates fear and anxiety [42] . Thus, VTA D2R likely play a role in other DA-dependent phenotypes. In delay-discounting tasks, impulsive subjects express reduced waiting capacity and altered time perception [43] . Temporal control requires intact DA signaling in corticostriatal systems [44] . Low-frequency delta/theta activity can index time-based decisionmaking processes [45] . In line with this, both Parkinson's disease patients and mice with disrupted mesocortical DA show deficits in temporal processing, which can be compensated by stimulation of medial frontal cortex D1R at these frequencies [46] . VTA DA projections to the PFC, in turn, have been shown to influence temporal control via D1Rs [47] . These findings indicate that VTA DA projections are heavily involved in higher order executive functions, with a potential critical role of VTA D2 autoreceptors. Thus, it is likely that the shift in delay-discounting observed with VTA D2R knockdown will impact several other DA related behaviors. Our viral approach presents one means to tease the role of VTA D2Rs in these respective phenotypes in future experiments.
In summary, in this study we have demonstrated conclusively that decreasing VTA D2R levels leads to impaired temporal discounting. These results indicate that adaptations in the mesolimbic dopaminergic circuitry which produce a decrease in VTA D2Rs can lead to an impulsive phenotype, and may mechanistically explain some of the lack of inhibitory control in maintaining abstinence in substance use disorder, or the increased risk [48] of impulse control disorders in patients with Parkinson's disease.
